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Abstract

We propose a method to evaluate the soft error rate (SER) of semiconductor chips used in terrestrial systems by

utilizing a clinical carbon beam facility. Neutrons are generated by irradiating acrylic with a carbon beam, and

the resulting neutrons are used to irradiate the target chip, while high-LET charged particles are blocked by lead.

The SER obtained with this method generally agrees with the results measured using a conventional white neutron

source, suggesting that the method could serve as a practical alternative.

1. MAERBEICHKN

EREEFE O LI, (EEMEOK R A RE
BoTW3L23, Kue, HEFIckEY 7 b2 —
X, HiEFROEREMEEICE Y 2 BRI EEMERED
—DOTH5. V7ML T7-I2F, BEHRDZEAIZED
4T 2 —IH7REBEZEITH % SET (Single Event
Transient) ¥, EEBFANTEU K SET L RIT X
D REHED KHE T % SEU (Single Event Upset) 2%
aFEhb. V7 b7 —% (SER) DMz, 5
BRETD7 4 =V B E 7213 HEFEZ AV
WD NETH 5. MEAEE T, Mt EodiEr
ARY MOV L BT (WN) Jiz v 2
DOH—RITH %75, JESDSIBY THEE X2 WN
PRSI HERL ISR 4 AT L 227 K, B — AR O
RN TH 5. KBEFEL LT, Kzl ¥—r
HFERS I 2L —a YOIFHABREIATWS
5 6) 23 kT EH DRSS BETH 5. A
7500, TS D RS & U TR FRia R
WEH L. NARRERIER I ATREICH Y SR,
M PTZ DM DR E) £ 72 13 ER+FPTH
2 7). ARG THRIC & 5 SER FHMfil3 @G < AT

8. IBTHE 50MeV ZiBZ % & T D
BRIGE RS 720, EHERGTAATRETdH 3 V9101,
—F, BEEARBRCEPETERER S 2 05
WD, REREHOWIHEFER SER MRS
TV,

AfETiE, BEHRZBREZHOW#ET N 20D
V7 b —iHMliTFERIERT S 2. 65nm LY
Zat 20 EEE % FHWT, JESD8IB THERE X 3k

IR RS £~ & — (RCNP) 13 T WN g
S ot riTo/-. REBE T 70 L70y 71T

Mo L CitE 24 L, [RIRHIC AR S L7 FE KL
TR 7 ey 7 Tl L7, ERHRERER TR
HNTAGERIZ RCNP TORERE X —H L 7.

2. RETFHE

AFEOERIIUATD 3 [ TH 5.

1) TR D 7 2 VIS RER % IS LT
TERAERK.

2) fiER FERE (7 vy 212k D B TR
TR

3) V7 b7 —ai AR L 2T R E SR
WZHEST. MIEREUIR A R 2L —>a Y
a— F PHITS'™ 12 X b EH.

2.1. PHTFOERE X ORiER T ORRES A

PR IE R B MERR T, RCNP kRIBRIC, R—% v
MIFIEN T — L2 BT 2 Z & THEFEZ AR
T5. £112, RCNP & REMSER BT 5T
AT BN FRREFIEOIIRZ RS, KR
M7 r7ILTay 7B shze, 7597 —
AL CHETFED R THELFET 2 ). 7



x 1 BMRRICET 2 PEFAENS X OB TR
KITIE.

[adhyid RCNP R ZHRI R RS
A k5 R
X—%v b RUTAT 77 UN
RENFORESIE | 27V 7V~ %y b #h

£ 2 GHMC b —a%ff. ©—ailEd, RSy
4 7T S TAE.

IARNF— 279 MeV /u RF#EA A >

Ta7 74N | ARG E D DRV T ILE =LA (0 =11 mm).

TR 1 x 10 particles per sec (pps)
a4 20 #9 3 REC 1 AR o iast

zynrzayZoFRE, FREAIREVWEA A D
AR E, IBEZOMSHLZ RS 2 2 e 2 HIN
LTV, 727 VUNTHRAETZ RN, it
T, BT, 77 7 KRR % Lo 5. HEEIC
IVTVV IR T3y FERETEDEH L W=D
FIERFORREIIZIR 70y 72 W5, M%ﬁ%
WIS 2R F DT AL F — 27 F U, PHITS
HEDYIal—Ya XT3,

2.2. GHMC ZBF 3L — A& REBMO A
NF—lliE

RFAFIEFEABRE, BERFENTFEY Y X —
(GHMC) 10 THEffiL 7. GHMC IZBIF 3 —24
SMEER2IRT. KEREI> Y Z7ubunrhrs
290 MeV /u Tt X528, RF0@E#EIC LD =
INF—2RS . IRERIZBIT ZREBOT AL X —
X, 72UATay 2RICBIBE T Ty S — 10
BERET 2729, EHREPLETHS. ¥—7
u%®?ﬂ@ BRI N D R FORNCHET 5.
HEZIIBIT2 - 3L X —1X, KiEEHW
Mﬁm;bmibt.m@%mmfmwgé%ﬁm
XERBLE—LERYE L, ESHHOMRESE
HWETZZTREZAELE. BEDEYy b7y

CHRERP IR TN L, 21T, KHEREEN
152.1mm T»HH, PHITS D I 2L — a VHER
Mo — AT RILF —1FH 279 MeV /u IHY § 5.

2.3. FEAELLPEFZ2 A LTk
WELy b7 v 7B L PHITS THEH LK%
Z, ThzhX 3, 41T, HEMRIT Z Vv
78y Z®3lecm NICHKELE. E—2a RN
EEAHETZ FELTE D, HIERR O EHEDS
AfREr 22 1D, 7z LTy 7 e ERNSORIC

em DINT Ty 7 ZiXiE L, fiEALT 2L 7.

Womll s

Iomzatlon —
chamber =
‘

1 KRR DHIE R, Eﬁ%ﬁ%’“’éﬂ:"ﬁﬁbi))bf
V- BEZRET 5.

T
Calculated data
Measured data @

o
T

IS
T

N
T

Normalized Absorbed Dose [a.u.]
= w o

o

50 100 150 200 250
Water Depth [mm]

o

X 2 KAREOHEMEBIS I 2L —2a vl
B, ¥—27A#EIF4H 152.1 mm.

Polyethylene block with B,O,

= \ '\\/ =

N

X 3 GHMC TOYZ7rro—HlELY b7 v
(DUT: #lExR) 12,

oy 7OERIZE D7V T 2R T HETDZE
MmO ZELER 5, 6 1R, iy 712X D fr
BRI FDARY PVEEADT 5. Kz, 77 78
FIX 9% B X 2 h8, APETFEDIBANE 16%
BEICLYE3.



| {
& 8 o 8 &
N [ A ——
= g Air
ol 2 E SUS
L | (Steel Use Stainless)
ol Iv | CFRP
© s o5 biock (Carbon Fiber Reinforced Plastics)
N il " I Concrete
T 8L |
8° PMMA
- — Pb
el Polyethylene biock with 5.0] | HEE Al
H PE block
3 Il Si

4 PHITS CTffH L721K%&. DUT &&=k
Wy 7 HHEIEN SR 12,

x [em]

.

or

[wo] z

Flux [1/cm/source] Flux [1/cm?/source]

(a) $A72 L. (b) $hd .
5 77 7 RFDOZEMSH (> 10 MeV).

x [cm] x [cm]
A b N IS A N N »
| © [S) [S) [S] [S) | © S} [S) [S) S
N e Jy U B T
°P m | °r m |
oy - N =
8 =1 4 B il 1
L n
N N
= & — = & —
[s) = — o — —
2° 2°
> [T > |
o ] o ]
© | — @ L —
o o
> M | sl = RN |
© W T
3 =2 3 3 & 3 3 g &2 2 3 3 3 =z
Flux [1/cm?source] Flux [1/cm?/source] ]
\ \
(a) g7z L. (b) $hdpb.

6 T oZERTA (> 10MeV).

102
neutron + proton V‘Vlth PB block at GHMC (norrr‘\al\zed to annex A)
3 Terrestrial neutron spectrum (annex A in JESD89B) ===
10 RCNP (normalized to annex A) E
o
9 10 4
& \
£ 105E ]
g TN
B 1) \
g
£, 107 3
x
E 108 L E
109 L ]
1010 1 1
10° 10* 102 10°
Energy [MeV]

7 GHMC, RCNP, #bi BEEEIICEBT 2HHEFD
IAINF—RARZ bL, M EBREOHREF R B
ME Y TEFEXINTWS. GHMC 1 RCNP ¥ b
LT 100MeV M EDHMT D2,

3 RIS 2 EENERE Foee. GHMC O
Foce 1%, 10MeV M EoHHEFE Y 50MeV M LD
W& S/ Uz, RN OMEIZ IS 2 & O
Btz Rg.

GHMC | RCNP (0 m) | RONP (2 m)

Fhee | 4.37 x 108 1.75 x 108 1.18 x 108

3. GHMC ¥ RCNP TORETHEx
3.1. EESAF
3.1.1. ITRINF—RART b e hIHEIRE

GHMC BLX U RCNP 2B 2T BFoT
INF—ZART FILER T, NEREERE 3 ITORT.

IR DO WT, RCNP 35, GHMC 1% 10 MeV
L EoHET-2 50 MeV DL EDORGFHucH-D =, PHITS
WEDEHL. GHMC X, h#EfFEED RCNP 12
ERTH 2.5 R E W=, IBETHFEZ2EHETE 5.
GHMC TIXRHHICRER 7 7 v 7R ZHELTE
53, MEREIE, HERDAFME 1 x 10° pps Zffi-
TEH L.

3.1.2. SEU &

HIENMR L LT, 65nm N7 Fot XA THELEX
Nr6fEDO 7Yy F7uy 7 (FF) 2V, 6/
o5, s BEREELX 7 (K8) 2aLIENE
{LFF, %0 1 FEEIKIITRTIREILFF TH 5.
HIEE, (Q,CLK) = (0,0),(0,1),(1,1),(1,0) D45
HRTEMLE. FIHEZITNIRT.

1) ®TOFFIZFAUCME (0 %7131 2FHA.



et

9 Dual interlocked storage cell flip flop (DIC-
EFF) 18,

2) CLK 5% 0 £7213 1 ICEE.
3) Mgk, PRIFEZ .
4) FAH LEE IRHES R 2 27—
L CRLER.
SEU rate & FIT (Failure In Time) ZHWTRT.
FIT 213 10° BB 7= D icRET 235 —ThH D,
SEU rate 13301 THH L 7.

Nerror X 102 x 10242

SEU rate [FIT /Mbit] = Ner x Face x £ fhow]
acc

) (1)

Z 2T, Neror &7 —8, Npp ZFFE, t I3RS
R 2323,

3.1.3. SET g

65nm L7 Fat A TEIE XN SET UL G
HIERIEEZ VT, NMOS b7 VY AR THRET 58
NABDAERIE L. SET Z—4 v Mg, PMOS
DYERE ON, NMOS 23& K OFF IREED £ > N— & T
HbYH, NMOS fITDOA SET »SILZAMFEET 5. H
E A FREE 35 ps @ Time-to-Digital Converter
(TDC) ZHEHLTWS. TDCIEZAF ¥ YA FF T
MEENTED, E—FELHIIIDI 7ML YRR
LTCEIET . 207, SET JIEFIEZ SEU H
ELIXER—TH 3. SET rate 13X 2 THHE L /-.

Nerror X 109
Ntarget X Face X t [hour]’

SET rate [FIT /target] =

T ZT, Niarget & SET X—%" v FORERKT.

(2

FERHE IR

RCNP & GHMC THlIE L7z 6 D FF ® SEU
rate X 10 127R3. RCNP ¥ GHMC T 5N 7=
SEU rate DHBIRENIX 0.98 TH D, (Q,CLK) kA7
MDA —E L =,

1112 RCNP ¥ GHMC @ SEU rate D Ll %R
3. WHEFOBRIIR 3 TRINS.

3.2.

SEUGHMC =1.01 x SEURCNP. (3)

SEUcaMmc & SEUrcnp DZEEH 1B ICHE E -
7=, Z0D#EIX, GHMC 0= X —gEHcXk3 71
TV APEDRHELE B%) OHPENTDS. Z
DRERIK, FEFART PLDEVD 65nm FF O
SEU IZ5- X 25BN E NI e ZRLTWAS.

SET OHlE#ERZK 12 12”73, GHMC BX U
RCNP Wiffigkic B\ T, 280ps DSV ADEE D E L
BlEniz. K131, FFED NV REZ#EZ % SET
rate & Z O BIHFRZ /RS, 245ps Z X 2 HiPHT
X, MHERR D SET rate 3 —E L7z, —7H, 245ps
PURo#iPHTIX, RCNP TO SET rate 5 GHMC X
DI 20% @ o7z, ZDEE, 1—10MeV O A
NF—FETOHBEILZ2DbDTHIEEZLND.
# 4.2, RCNP, #iF, GHMC IZBI3HEFo
INF—RIEIE%RT. RCNP T, HZ L ¥ —
HFEFOEIE2 GHMC & D &, Z0fEHE, RCNP
TiE GHMC & D 245ps LR DV AN Z S FAEL
eEZLND.

—7%, SEU rate QX BEEREZZIBHIE LD -
7z, DI elE, X —htF2 65 nm FF O
SEUZ5| &I LI W EZRELTWS., L7z
HBoT, HZp X —HEFORENRHATE 25
HRCIE, EEAREREWN E—20REFiEr
LTEMTHEEEZLNS.

4. FH

ARFETIE, B R SRR 2 W 7 SRR O
REFERERY 7 b 7 M FHEFE 2R R L. 7
7 ) UNRERR R B U TR R AR L, SR
b+ 7% 3Kl L7=. RCNP ¥ OHETIE, SEUXE X
' SET »V RIED A2 R —2 L 7z. RCNP
TP I F—FETICE 5T 245 ps IR DL
25 GHMC & b Z L Bl X hiz2%, SEU EADR
IR ohkhrolz. 5%IE, Bll7atRicBl
ZHI AT —HETFOFESE R L FHMETFED

) e IR v 75 %



" ReNP mmmm
GHMC =1

RCNP mmmm

GHMC =3

0
(0.1)

" RCNP mmmm
GHMC == |

0,1 1) (0,0) (1,0 AVG [650] (0,0) (1,0 AVG 0,) @€y (0,0) (1,0 AVG
, CLK) (Q., CLK) , CLK)
(a) TGFF (b) TIFF (c) PLTGFF
900 T T 900 T T 30 T T
RCNP mmmm RCNP mmmm RCNP
—800 GHMC === — GHMC
-‘é 251 b
=
= 20r
L
151
)
©
= o10f
o)
B s
0,1 (%)) 0,0) (1,0 AVG 0 0.1 [6850)] (0,0) (1,0 AVG ° 0,1 [650)] (0,0) (1,0) AVG
CL (Q, CLK) (Q, CLK)
(d) FBTIFF (¢) TGFFtype2 (f) DICEFF

10 RCNP B X GHMC iZ51) 5 6 D FF OHERR. =7 — =13 5% EHXEZ RS

6x10 ‘ ‘
900 = GHMC (d fchNmF; ;
95% confidence interval — g 5x10°- " 1
800 I R D S - s 3
SEUgtme = 0.89 X SEUpcp — - — 7 £ 4x10° 1
= 700} vl =
8 e /'/ .li, x10" i
§ 600 | v// o 3x10°
= so0f e &g a0t i
= 400} / /'/‘ f 1x10% ]
g ,/‘/. (9]
S soof W7 0
o s 0 70 140 210 280 350 420 490
200p e ) SET Pulse Width [ps]
wot 7 1 .
A 12 RCNP B XU GHMC 281 % SET 2L A
%0 100 200 300 400 500 600 700 800 900 & D47
SEU (RCNP) [FIT/Mbit]
2x10°® ;
11 RCNP ¥ GHMC I8} % SEU DL, 7R = e (o NP2
RN . Pp = 5CM
4% SEUncxe & SEUcc OBIRE RS IELES S, g |
TH 5. EROCOEBITELIERD 95%[EHIXH T = _
H5. L, 10y LN 1
q) \\
IS
E 5x10°61 \\ B
# 4 GHMC, RCNP, #i FERRICH T 5 1-10 MeV W .\
. (%))
B X0 10 MoV BUEOHHET b A
0 100 200 300 400 500

’ Energy Range H NYC!) ‘ GHMC ‘ RCNP ‘

SET Pulse Width [ps]

1-10 MeV

36%

24%

57%

13 RCNP BX U GHMC BT %, FED L

10 + MeV

64%

76%

43%

AL ED SET AR & 2 D Blthife. #aET a8y

FHIEERIC BT B TDC O fREE (35ps) &8
L7-fETH 5.



EE P4

1)

R. Baumann, “The impact of technology scal-
ing on soft error rate performance and limits to
the efficacy of error correction,” in Dig. IEEE
Int. Electron Devices Meet. (IEDM), San Fran-
cisco, CA, USA, 2002, pp. 329-332.

A. Makihara et al,
SEU/SET immunity on 0.15 pm fully de-
pleted CMOS/SOI digital logic devices,” IEEE
Trans. Nucl. Sci., vol. 53, no. 6, pp. 3422-3427,
Dec. 2006.

“Optimization for

V. Srinivasan et al., “Single-event mitigation
in combinational logic using targeted data
path hardening,” TEEE Trans. Nucl. Sci.,
vol. 52, no. 6, pp. 2516-2523, Dec. 2005.

“Measurement and reporting of alpha parti-
cle and terrestrial cosmic ray-induced soft er-
rors in semiconductor devices,” in JEDEC
SOLID STATE TECHNOLOGY ASSOCIA-
TION, Oct. 2006.

T. Uezono et al., “Evaluation technique for
soft-error rate in terrestrial environment uti-
lizing low-energy neutron irradiation,” in Proc.
2016 TEEE 25th Asian Test Symp. (ATS), Hi-
roshima, Japan, 2016, pp. 293-297.

S. Abe et al., “A terrestrial ser estimation
methodology based on simulation coupled with
one-time neutron irradiation testing,” IEEE
Trans. Nucl. Sci., vol. 70, no. 8, pp. 1652-1657,
Aug. 2023.

Y. Matsumoto et al., “A critical review of ra-
diation therapy: From particle beam therapy
(proton, carbon, and BNCT) to beyond,” J.
Pers. Med., vol. 11, no. 8, Aug. 2021, Art. no.
825.

Y. Chiang et al., “Investigate the equivalence
of neutrons and protons in single event effects
testing: A geant4 study,” Appl. Sci., vol. 10,
no. 9, May 2020, Art. no. 3234.

J. Baggio et al., “Analysis of proton/neutron
SEU SRAMs-
application to the terrestrial environment test
method,” IEEE Trans. Nucl. Sci., vol. 51,
no. 6, pp. 3420-3426, Dec. 2004.

sensitivity of commercial

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

E. Normand, “Extensions of the burst gen-
eration rate method for wider application to
proton/neutron-induced single event effects,”
IEEE Trans. Nucl. Sci., vol. 45, no. 6, pp.
2904-2914, Dec. 1998.

C. Dyer et al., “An experimental study of
single-event effects induced in commercial
SRAMs by neutrons and protons from ther-
mal energies to 500 MeV,” IEEE Trans. Nucl.
Sci., vol. 51, no. 5, pp. 2817-2824, Oct. 2004.

R. Nakajima et al., “An approach to neutron-
induced SER evaluation using a clinical 290
MeV/u carbon beam and particle transport
simulations,” in Proc. 2024 IEEE Int. Rel.
Phys. Symp. (IRPS), Grapevine, TX, USA,
2024, pp. 632-635.

C. W. Slayman, “Theoretical correlation of
broad spectrum neutron sources for acceler-
ated soft error testing,” IEEE Trans. Nucl.
Sci., vol. 57, no. 6, pp. 3163-3168, Dec. 2010.
T. Sato et al., “Recent improvements of the
particle and heavy ion transport code system
— PHITS version 3.33,” J. Nucl. Sci. Technol.,
vol. 61, no. 1, pp. 127-135, Jan. 2024.

M. Sakai et al.,
for carbon ion radiotherapy,” Nucl. Instrum.
Methods Phys. Res. B, vol. 553, Aug. 2024,
Art. no. 165384.

“Soft error measurement

T. Ohno et al., “Carbon ion radiotherapy at
the gunma university heavy ion medical center:
New facility set-up,” Cancers, vol. 3, no. 4, pp.
4046-4060, Oct. 2011.

Y. Kawakami et al., “The contribution of sec-
ondary particles following carbon ion radio-
therapy to soft errors in CIEDs,” IEEE Open
J. Eng. Med. Biol., vol. 5, pp. 157-162, Jan.
2024.

F. Mori et al., “Intrinsic vulnerability to soft
errors and a mitigation technique by layout op-
timization on DICE flip flops in a 65-nm bulk
process,” IEEE Trans. Nucl. Sci., vol. 68, no. 8,
pp- 1727-1735, Aug. 2021.

H. Quinn et al., “The effect of 1-10-MeV neu-
trons on the JESDS89 test standard,” TEEE
Trans. Nucl. Sci., vol. 66, no. 1, pp. 140-147,
Jan. 2019.



